• Akatsuki/LIR revealed the global structures of thermal tides across the equator in the upper cloud layer of Venus for the first time.
Thermal tides excited in the cloud layer has been considered one of the main acceleration sources that maintain the atmospheric superrotation of Venus [e.g., Fels and Lindzen, 1974; Plumb, 1975; Hou et al., 1990; Newman & Leovy, 1990; Takagi & Matsuda, 2007] , in which the zonal wind speed of the atmosphere at the cloud top (~70 km) is more than 60 times faster than the rotation speed of the solid body of Venus. The structures of the thermal tides have been confirmed in a temperature field from space and ground-based observations [e.g., Ainsworth and Herman, 1978; Apt et al., 1980; Taylor et al., 1980; Zasova et al., 2007; Migliorini et al., 2012] and in zonal and meridional wind fields at the cloud top level by tracking cloud motions [e.g., Limaye & Suomi, 1982; Rossow et al., 1990; Sanchez-Levega et al., 2008; Moissle et al., 2009; Kouyama et al., 2012; Horinouchi et al., 2018] . However, despite the importance of thermal tides in the Venusian atmosphere, the global feature of thermal tides across all local times and latitudes has not been obtained due to the limited data coverage of previous observations (e.g., a ground-based observation did not cover the subsolar region [Apt et al., 1980] , cloud tracking was limited to only dayside, and only one hemisphere was observable by spacecraft with a polar orbit [Taylor et al., 1980; Migliorini et al., 2012] ). Ground-based observations by Ainsworth and Herman [1978] covered the northern and southern hemispheres simultaneously, but the observational dates were quite limited, resulting large data gaps in the high latitudes. Since the tidal amplitude at middle to high latitudes from their results is much greater than those obtained by space-borne observations, verification is needed.
In this study, latitudinal profiles of diurnal, semidiurnal, and higher-frequency components of thermal tides in the temperature field were investigated based on long-term observation data from Longwave Infrared Camera (LIR) onboard Akatsuski [Taguchi et al., 2007] . LIR detects thermal emission from the Venusian cloud layer (60-70km) and has been observing Venus continuously since December 2015. Thanks to the Akatsuki's equatorial orbit, the whole globe of Venus can be observed. These sufficiently long-term and global observations allow us to study the global structure of thermal tides over the whole local time and for a wide latitudinal range in both hemispheres reliably. Because latitudinal phase variations in the thermal tides indicate horizontal momentum transportation, the global profile of the thermal tides is crucial for understanding its impact in the Venusian atmosphere. In addition to the horizontal structure, this study accesses the vertical structure of the thermal tides through a comparison of the tidal structures at different altitudes, using the emission angle dependence of sensing altitudes. To the best of our knowledge, this paper is the first to discuss the wave type of the thermal tides based on the long-term observational results.
Observations and Data
LIR covers wavelengths of 8-12 μm and captures thermal emissions from the cloud top level of Venus [Taguchi et al., 2007] . An advantage of LIR is that it can observe both the dayside and nightside of Venus. LIR continuously observes Venus at one or two-hour intervals, resulting in 8-15 observations every Earth day except during the superior conjunction, where the spacecraft cannot communicate with the tracking station on Earth for ~1 month. In this study, we used more than 22,000 LIR images obtained from October 2016 to January 2019 (more than three Venusian years). The spatial resolution of the images of Venus changes according to the distance between Venus and Akatsuki. Near the periapsis, the resolution is better than 10 km/pixel, whereas it reaches more than 300 km/pixel at the apoapsis altitude of ~360,000 km where the radius of the Venus disk is 20 pixels. The LIR images used in this study were obtained from the AKATSUKI Science Data Archive [Murakami et al., 2017] .
The noise equivalent temperature difference (NETD) is 0.3 K at the target temperature of 230 K, which corresponds to the temperature resolution of LIR. The absolute temperature uncertainty is 3 K [Fukuhara et al., 2011] . The primary cause of the absolute temperature error is variations of instrument's thermal condition affected by the attitude of the spacecraft. The variation due to the thermal condition was almost equally distributed across all local solar time regions, and thus the effect of the absolute error on the brightness temperature map after averaging (shown later) is expected to be much smaller than the original absolute error of 3K. The relative uncertainty from the NETD is also reduced by the averaging. In total, the temperature uncertainty for tidal components is estimated to be 0.1 K in the present analysis. The LIR images have a background bias that strongly depends on the baffle temperature of LIR. This bias was determined from deep space observations, and successfully removed in all LIR image ]. An additional temperature calibration was performed to reduce the unexpected gradual temperature increase seen in deep space images (Supporting Information, S1).
The contribution function representing the sensing altitude of LIR is centered at 65 km altitude with a full width at half maximum of ~10 km for a nadir viewing geometry (Figure 1 ). The contribution function was calculated by a line-by-line radiative transfer calculation following Sato et al [2014] with the spectral response of LIR [Taguchi et al. 2007] . The calculation adopted the equatorial (<30°) temperature profile from the Venus International Reference Atmosphere (VIRA) [Seiff et al., 1985] , the gaseous absorption profiles from Marcq et al. [2005] , the cloud particle number density from Haus et al. [2014] , which assumes four different-sized particle modes (mode 1, mode 2, mode 2', and mode 3), composed by 75% H2SO4 and 25% H2O. Then, the line-by-line results were convolved with the filter transmittance of LIR [Taguchi et al. 2007] LIR observes higher altitudes for larger emission angles [e.g., Taguchi et al., 2012; Supporting Information, S2] . According to the vertical temperature profile of the Venusian atmosphere (negative lapse rate), the observed brightness temperature becomes cooler at higher emission angles (i.e., limb darkening) in the low and middle latitudes. In other words, the vertical structures of the thermal tides can be investigated by comparing brightness temperature maps from different emission angles, although the wide width of the LIR's contribution function does not allow precise altitude assignments. To investigate the vertical structures of the thermal tides, we selected two specified emission angles: 60° (±3.5°), to obtain a wide latitudinal coverage and 45° (±2.5°) for comparison ( Figure 1 ). The effective altitudes of the contribution function are 68.9 km and 67.6 km for the emission angles of 60° and 45°, respectively, which are evaluated from
where z denotes the altitude and represents the LIR's contribution function for each emission angle, e. This indicates a 1.3 km difference in the sensing altitudes between the two emission angles. The uncertainty of the altitude difference can be less than 0.3 km, which was confirmed by the results comparing with a temperature profile obtained from Akatsuki radio occultation observations [Imamura et al., 2019] (Supporting Information, S2). To obtain a continuous dataset, since the spacecraft was not always above the equator and the latitudinal coverage changes from observation to observation, the latitudinal range of ±55° was analyzed for the emission angle of 
Global structure of thermal tides
To focus on the solar fixed component in the temperature field, we first averaged the observed brightness temperature as a function of the local time and latitude across the whole observation period. Then, the temperature perturbation, which should mainly consist of thermal tides, was extracted by subtracting the zonal mean brightness temperature at each of the 5-degree latitudinal bins. Figure 2a shows the global structure of the thermal tides without any local time gaps, which was obtained for the first time in the history of Venus observations. Equatorial symmetric structures clearly appeared at all local times. Notably, a local temperature maximum was observed at approximately 9 h in the equatorial region, not at the local noon where solar incident energy is at a maximum. Local peaks at approximately 19 h were observed at the midlatitudes of both hemispheres. It is worth mentioning that the tidal structure was almost the same for every Venusian year, especially at latitudes lower than 40° (Figure 2b-d) . The structures shown in Figure 2a can be considered typical structures of the thermal tides in the Venusian atmosphere during, at least, the Akatsuki observation period.
It should be noted that sensed altitude perturbation can also affect the observed temperature in addition to the atmospheric temperature perturbation, and they cannot be distinguished by the LIR observation alone. In this study we assumed that the temperature fields in Figure 2 were from only atmospheric temperature perturbation, since an effect from the altitude perturbation due to a tidal component can be reduced by the integration effect of the LIR contribution function (the magnitude can be 0.1 K, Supporting Information, S3). This the assumption should be validated by a combination of different observations, such as radio occultation and mid-infrared spectral observations in future works. To clarify which tidal component contributed to the average structure, latitudinal profiles of amplitudes for wavenumber 1-4 components, namely, the diurnal, semidiurnal, terdiurnal, and quarter-diurnal tides, were investigated by fitting sinusoidal functions of wavenumbers 1-4 as = A 1 sin( + 1 ) + A 2 sin(2 + 2 ) + A 3 sin(3 + 3 ) + A 4 sin(4 + 4 )
with a nonlinear least squares method (Figure 3) , where x denotes local time, and A1-A4 and φ1-φ4
are fitted parameters. The error in each amplitude was less than 0.05 K evaluated from the fitting.
In the low latitudes, the semidiurnal tide was the most significant component with an amplitude greater than 1 K, and its amplitude remained to ~40° latitude. On the other hand, the diurnal tide became significant at middle to higher latitudes where the amplitude of the semidiurnal tide decreased. These tendencies were the same as those at the cloud top level derived from groundbased observations in 1977 -1979 [Apt et al., 1980 and the Pioneer Venus Orbiter Infrared
Radiometer (OIR) observation in the northern hemisphere [Taylor et al,.1980 ], indicating longterm steadiness of the thermal tide structure. Note that the amplitude observed by LIR were almost a half of those in the OIR observations. In addition to possible temporal variations in the amplitudes, the difference could be from LIR's long-term observations, which may be more suitable to catch mean structures than the previous observation (ten weeks); however, the LIR's wider contribution function may also affect the amplitude, which integrates the vertical structure of a vertically tilting tidal component and thus smoothens the observed tidal structure. From a simple test for evaluating the integration effect, the actual amplitude of the semi-diurnal tide could be twice as large as the observed amplitude (Supporting Information, S3).
The terdiurnal tide showed small peaks in the mid-latitudes of both hemispheres, which is consistent with a global circulation model (GCM) . Whole components showed almost hemispherical symmetry, but the amplitude of the semidiurnal tide in the northern hemisphere was slightly stronger than that in the southern hemisphere. Recently an asymmetric structure was reported in zonal winds at the cloud top (Horinouchi et al., 2018) . There could be a mechanism that induces the asymmetric condition in the Venusian atmosphere whose impact is worth investigating with a numerical approach. The local maximum of the semidiurnal tide clearly shifted from noon, whereas the diurnal tide had a local maximum approximately at noon in the equatorial region. Since solar heating is at a maximum at noon and it is uniformly zero on the night side, the components of both wavenumbers 1 and 2 of the heating should have their local maxima at noon at their excitation altitude. Therefore, the phase shift observed in the semidiurnal tide indicates vertical propagation of the wave from its excitation altitude, although the excitation altitude has not yet been determined. Note that the direction of the superrotation is from morning to evening.
Wave modes of thermal tides and their implications
The classical tidal theory based on Laplace's tidal equation [Longuet-Higgins, 1968 ] is useful to interpret the observed tidal waves in this study. The superrotating zonal winds act as the background rotation for the thermal tides. If we assume solid-body background rotation, the nondimensional parameters  and  introduced by Longuet-Higgins [1968] have the same values for each of the diurnal or the semidiurnal tide, irrespective of the planet (whether on Venus or on Earth); see the Supporting Information (S4) for the definition of the parameters and the evaluation of the dimensional parameters. The numerical study by Takagi and Matsuda [2005] suggests that Venusian tidal waves on realistic background winds are somewhat similar to those on the uniform rotation, so the actual tidal waves can be interpreted as modifications of the tidal modes in the theory of Longuet-Higgins [1968] .
From the tidal theory, the diurnal tidal features in Figure 4a and 4c are interpreted as the superposition of (mainly) two modes: the gravest symmetric Rossby-wave mode with a negative equivalent depth and the gravest symmetric gravity-wave mode, as is the case for the atmospheric thermal tides on Earth [e.g., Chapman and Lindzen, 1970] . The diurnal Rossby-wave mode has a large amplitude at the middle to high latitudes. The mode is vertically evanescent, so the temperature disturbance should be nearly in phase with the geopotential height disturbance. In fact, the observed cloud top meridional winds of thermal tides [Horinouchi et al., 2018] are consistent with this temperature-geopotential relation. The vertical evanescence is also indicated from the tidal structure in Figure 4a and 4c (see section 4.2). The diurnal gravity-wave mode has an equivalent depth of ~40 m, corresponding to a vertical wavelength of 6 km (Supporting Information, S4). Such a short vertical wavelength was confirmed in a linearized calculation [Pechmann and Ingasoll, 1984] . The corresponding equatorial radius of deformation is ~2.5 × 10 3 km, so the mode has nodes of temperature and geopotential height at 25-30N/S. Then, the amplitude at higher latitudes should be quite small that was inconsistent from the observation, which is more evidence that the diurnal tide cannot be interpreted solely as a gravity wave.
Due to the possible superposition of the two modes and the variable phase relationship between temperature and geopotential height, it is difficult to assess momentum transport, even qualitatively, from the observed diurnal temperature disturbances. Since the wave is travelling vertically, the zonal phase relationship between the temperature and geopotential height should be in quadrature, but the smallness of the vertical wavelength introduces a complexity discussed in section 4.2. However, one can expect that the diurnal tide may carry the westward (along with the superrotation) momentum toward low latitudes since its thermal forcing mainly resides at low latitudes.
The solution for the semidiurnal tide in the tidal theory consists only of gravity waves. The semidiurnal temperature disturbances in Figure 4b and 4d indicate the gravest symmetric gravitywave mode. This mode is expected to have a vertical wavelength of 22 km, and the corresponding equatorial deformation is over 40° (Supporting Information, S4), which is consistent with the observed flat structure of the semidiurnal tide. It is rather difficult to interpret the phase tilt at midlatitudes in Figure 4b , because it may reflect a gradual decrease in the cloud top level from middle to high latitudes ] and a mid-latitude jet structure.
Vertical propagation of the tides
The emission angle dependence of the effective altitude enables us to investigate the vertical structure of the tidal waves. In the diurnal tide (Figure 4a and 4c) , there is no apparent phase difference at the mid-latitudes between the emission angles of 45 and 60. This feature is consistent with the vertical evanescence of the Rossby-wave mode. At low latitudes, there exists a phase difference consistent with the westward tilt (toward evening side) with altitude. This result indicates downward energy (group) propagation. However, since the depth of the solar heating should be much broader than half of the theoretical vertical wavelength, 6 km, a strong superposition is expected to arise from the vertical heating structure. Therefore, it is difficult to conclude whether the wave is truly propagating downward from the cloud-top altitude.
Nevertheless, if we assume an altitude difference of 1.3 km between the two sensing altitudes (higher for the emission angle of 60° and lower for the emission angle of 45°) and if we tentatively assume a vertically monochromatic wave near the equator, the phase difference indicates that the vertical wavelength is ~10 km. Note that the vertical superposition owing to the heating distribution is the likely cause of the vertical evanescence of the simulated diurnal tide around the cloud top level even near the equator according to the GCM .
On the other hand, the phase difference of the semidiurnal tide had the eastward tilt (toward morning side) with altitude, which is consistent with the direction of upward energy propagation.
Quantitatively, the phase difference was 0.86 h, which indicates that the vertical wavelength of the semidiurnal tide was 18 ± 4 km if we assume a 1.3 ± 0.3 km altitude difference between the two sensed altitudes, and this wavelength was almost the same as the estimation from radio occultation observations [Ando et a., 2019] . In addition, the measured vertical wavelength is also consistent with the theoretical expectation of 22 km. Therefore, the actual group propagation is likely upward.
Further study is needed to elucidate the full emission-angle dependency of the thermal tide phases.
Vertical propagation of the semidiurnal tide at the cloud level was reproduced in several
GCMs [Lebonnois et al., 2016; Takagi et al., 2018; Yamamoto et al., 2019] . However, the phases of the modeled semidiurnal tides at the cloud level were different in different models, and some model results were different from the LIR result. For example, Takagi et al. [2018] showed that the semidiurnal tide has a local temperature maximum of approximately 15 h at the cloud level in their model, whereas our result suggests the local temperature maxima around 9 h and 21 h.
Considering the vertical propagation of the semidiurnal tide, the difference may provide a constraint for the solar heating profile in a model, because the wave phase at an altitude should be sensitive to the excitation altitude of the wave that is affected from the solar heating profile.
Conclusions
In this study, we presented a global structure of thermal tides in the upper cloud layer of Venus using LIR's long-term data, acquired from Akatsuki's equatorial orbit. This global structure was revealed for the first time in the history of Venus ground and space-based observations. The observed structure of the thermal tides showed a good consistency with previous observations, indicating the steadiness of the tides in the Venusian atmosphere. There were fewer variations in the thermal tide structure during the three Venusian years analyzed in this study.
Tidal components were investigated with a periodical analysis. The extracted structure of the diurnal tide, which had a small amplitude at low latitudes and a larger amplitude at higher latitudes, indicated a superposition of the gravest symmetric Rossby-wave and gravity-wave modes. On the other hand, the semidiurnal tide component was significant in the lower to midlatitudes, and its flat phase structure was consistent with the gravest symmetric gravity-wave mode.
The phase difference in the semidiurnal structures between the emission angles of 45° and 60° was consistent with upward energy propagation and a vertical wavelength of ~18 km, which is close to the theoretically expected value. A similar emission-angle comparison for the diurnal tide suggested vertical evanescence in the mid-latitudes, which is also consistent with the tidal theory.
Because recent observations of Venus suggest a global albedo variation for Venus [Lee et al., 2015; Lee e al., 2019] that should affect the excitation of thermal tides, longer-term LIR data will be useful in monitoring possible temporal variation in the thermal tides. Since LIR observations can allow to retrieve the vertical structure of the atmosphere by utilizing the emission angle dependence of sensing altitude, a combination of such LIR observations and radio occultation observations [cf. Ando et al., 2017] will clarify the excitation altitude of the tides and their vertical propagations. By combining the LIR results with numerical modeling, it is also possible to deduce the vertical structure of heating that excites thermal tides, which would greatly advance our understanding of the dynamics of the Venusian atmosphere. In addition, the thermal tide structure derived in this study may provide a more realistic three-dimensional atmospheric condition that will help to discuss a local temperature profile for small scale convection activity [cf. Lefevre et al., 2018] .
Introduction
This Supporting Information provides the calibration procedure for the reducing unexpected temperature increase observed in the LIR data (S1) even after applying the absolute temperature correction described by Fukuhara et al. [2017] . This Supporting Information also provides the cause of the altitude difference at different emission angles and the uncertainty of the estimated difference with the model we used in this study (S2). Then, this Supporting Information shows an experimental evaluation of the integration effect of the LIR contribution function. Finally, this
Supporting Information provides theoretical explanations of the tidal structures in the Venusian atmosphere based on those from Longuet-Higgins [1968] (S4).
S1 Correction for the unexpected increase in the brightness temperature
Since September 2016, LIR has conducted four deep space observations for monitoring the LIR's status, and unexpected temperature increases have been confirmed in the deep space images. The magnitude of the increase reached 10 K in deep space images whose mean temperature in an LIR image frame was 180-190 K. Here, 180 K is a lower detection limit of the LIR measurement. The increase of 10 K at 180 K corresponds to 3 K at 230 K, which is a typical temperature at the cloud top level. Because deep space is an ideal calibration target that has no energy input to the LIR, the temperature increase should be the LIR's instrumental calibration issue.
Similar to a procedure used by Fukuhara et al. [2017] , we first converted the observed brightness temperature to the corresponding brightness by assuming black-body radiation. Before the conversion, a correction in the absolute temperature described by Fukuhara et al. [2017] was performed. As shown in Figure S1 , there was a linear increasing trend in the mean brightness. The non-zero brightness for deep space comes from the lower detection limit of the LIR. On the other hand, there was no clear temporal variation in the standard deviation of the brightness, and the standard deviation was much smaller than the magnitude of the increase. This finding indicates that the increase occurred for all pixels, and the magnitude of the increase was the same at any position in the LIR image frame. These tendencies indicate that the increase can be considered an offset variation. We evaluated the magnitude of the increase in the brightness with a linear model ( Figure S1a ), and then, we subtracted the brightness increase from each LIR image; the temperature increase seen in deep space images was successfully reduced ( Figure S1b ). Brightness temperature from the deep space images before correcting the temperature increase (gray) and after the correction (black).
S2. Emission angle dependence of the LIR's sensing altitude and its uncertainty
As shown in Figure S2a , which shows an ideal case where the number density of cloud particles is the same at any altitude, an altitude of τ = 1 seen from LIR increases proportionally to 1 − cos , where e represents an emission angle. This characteristic is basically the same when we consider with a more realistic cloud model; that is, the effective altitude estimated from (1) with the LIR's contribution function increases monotonically (and almost linearly) with respect to 1 − cos ( Figure S2b ). Next, we evaluated the reliability of the altitude difference between different emission angles in our analysis. The reliability of the altitude difference is more important in this study for investigating a vertical structure of a tidal component than the absolute altitude. To do this, we estimated the zonal mean brightness temperature at several emission angles, not only 45° and 60°, but we also used 0°, 15°, and 30° (more precisely, we used e=60°±3.5°, 45°±2.5°, 30°±2°, 15°±1.5°, and 1.5°±1.5°. The emission angle ranges were adjusted to avoid any data-less latitudes in small Venus disk images), and evaluated the temperature decreasing rate with the five effective altitudes estimated from (S1). Then, we compared the obtained rate with those from radio occultation observations, termed RS (Radio Science) (Imamura et al., 2018 : Ando et al., 2019 , and VIRA ( Figure S3 ).
Figure S3. Vertical profiles of temperature variations measured from LIR (plus sings)
and its fitted line (gray line), Akatsuki/RS (solid line), and VIRA (dotted line). Error at 70 km altitude for the RS data was also shown from a standard error of the RS observations. We used the temperature measured at ~66 km (an effective altitude of e=0° case) as the reference temperature for each profile.
From Figure S2 , the LIR temperature variation (-3.0 K km -1 ) is closer to that from the RS profile (-3.4 K km -1 on average from 62.5 to 72.5 km) than that from the VIRA profile (-2.0 K km -1 ). Since RS observations were conducted during the LIR observation period, it is natural that the LIR provided a similar temperature variation to that of RS, although there is still a significant gap between the LIR and RS, though there is still a significant gap between LIR and RS. Note that the RS data were obtained at various local times. The difference should reflect the model uncertainty and the temporal variation in the vertical structure of the Venusian atmosphere.
We evaluated the effect from an emission angle range we used to obtain the temperature field in Figure 2 . We examined the averaging analysis with several emission angle ranges, that is, 1°, 2.5°, and 3.5° for e=60° (in this test, we allowed the situation that sometimes we could not obtain any pixel for the averaging at some latitudes in small Venus disk images). As a result, the zonal mean temperature at the equator was almost same among different emission angle ranges (221.4, 221.2, and 221.0 K for the emission angle ranges of 1°, 2.5°, and 3.5°, respectively). Therefore, we concluded that the effective altitude does not so sensitive to the emission angle range, and we consider that there should be up to 0.4 K uncertainty (= 0.1 km uncertainty in altitude) from the test. Note that the effect from using a wide emission angle range does not produce diurnal and semidiurnal temperature variations like the observed ones, because it only biases temperatures equally for all local times.
Based on the result in Figure S2 and the test for the effect from an emission angle range, we concluded that there could be up to 20% uncertainty in our estimation of altitude difference.
S3. Evaluating the integration effect of the LIR contribution function
We conducted a simple test to evaluate the integration effect of the LIR contribution function which may smoothen the temperature profile. For the test, we used a temperature profile from VIRA as a base profile and added a semi-diurnal component that propagates from lower to higher altitude ( Figure S4 ). We set the vertical wavelength to 18 km based on the observational result. To simplify, we assumed that the amplitude of the semi-diurnal tide was the same among altitudes.
In the test, we also considered a possible cloud altitude variation induced by the vertical wind perturbation of the semi-diurnal tide. Based on observed tidal signatures in pervious cloud tracking results at the cloud top level (Moissl et al., 2009; Horinouchi et al., 2018) , the zonal wind perturbation can be ̂ ~ 10 m s -1 ; then, the amplitude of the vertical wind perturbation is ̂ ~ 1 cm s -1 from the wave's aspect ratio (λx ~ 20,000 km, while λz ~ 20 km). Since an air parcel passes one period of the semi-diurnal tide within 2 days because of the fast background zonal flow (circulating with a 4-day period), the amplitude of the cloud altitude variation would be
where T = 2 days. In the test, the effect was introduced simply by altering the LIR's contribution From the test, the amplitude of the semi-diurnal tide after integrating a vertical temperature profile with the LIR contribution function was almost half that of the given amplitude. Note that we assumed 2 K amplitude in the test by considering the thermodynamic energy equation in a logp coordinate (cf. Andrews et al., 1987) rotating with the background super-rotation (i.e. ̅ = 0) with an approximation of adiabatic condition;
where H is a scale height at the cloud level (~5 km), R is the gas constant, Cp is the specific heat at constant pressure, and κ=R/Cp (~0.25). Since the period of the semi-diurnal tide can be 2 days in the above equation, we have
here we used T=230 K, / =-3 K km -1 , =2 days, and | ′ |=0.01 cm s -1 . On the other hand, the phase positions for both the e = 45° and 60° cases were almost the same as that at a 70 km altitude.
In addition, the phase difference between the two emission angles was clearly observed, although the difference in the test (0.61 h) was somewhat smaller than the observed difference (0.86 h). The difference should reflect uncertainty in our model and the simplified assumption used in the test.
However, the direction of the obtained phase difference is consistent with the propagation direction of the given tide.
We also examined another test without the altitude variation due to the tide to understand the effect of the sensed altitude variation. We found the resulting zonal mean temperature showed only a 0.1 K difference from the nominal case.
S4. Structures of tides based on tidal theory
In this section, we derive theoretical parameter values of thermal tides in the upper cloud layer of Venus. To our knowledge, no such estimation is available in research papers on the tides on Venus.
Super-rotation acts as the background rotation for thermal tides. By regarding it as a solidbody rotation to the first approximation, the parameter values are provided from the numerical solutions of Laplace's tidal equations from Longuet-Higgins [1968, hereinafter LH] . Here, we use the following constants; the planet radius a = 6,120 km (considering that the altitude of the upper cloud layer is ~70 km), the gravitational acceleration g = 9 m s -2 , the Brunt-Väisälä frequency N = 0.02 s -1 , and the scale height H = 5 km. The angular velocity of the background Ω = 2π/(4×86400) s -1 is based on a superrotation period of 4 days.
The diurnal tide has a zonal wavenumber of 1, and its angular frequency  is equal to Ω. 
where h is the equivalent depth. For the gravest-symmetric ( = 1) retrograde gravity wave mode, 
when h = 40 m and = 6.3 km.
Since the equivalent depth of the mode is small, we can further use the equatorial beta approximation to estimate its horizontal structure. This approximation introduces the equatorial deformation radius,
From (S3), for the gravity wave mode of the diurnal tide is ~2500 km (< 25° latitude). This result indicates that the temperature disturbance associated with it has a node at around the latitude, and its amplitude attenuates sharply with latitude on its poleward side. For reference, the nondimensional parameter values are independent of planets. The same mode dominates the diurnal thermal tide in the low-latitude middle atmosphere of the Earth, where its vertical wavelength is ~ 30 km (e.g., Andrew et al., [1987] ).
Since the diurnal gravity-wave modes are confined to low latitude, the diurnal tide at mid to high latitudes of Venus must be dominated by the gravest symmetric ( = 1) Rossby-wave mode with γ ~ 0 as on Earth (Figure 2 and 17 in LH), which is a vertically evanescent wave.
A non-Rossby-wave solution exists for the semi-diurnal tide (zonal wavenumber 2 and σ = 2), so it must consist of gravity waves. The gravest symmetric ( = 1) semi-diurnal gravitywave mode has γ ~ (0.3) −2 from Figure 3 in LH. Then, from (S5) and (S6), h = ~500 m, and the derived vertical wavelength is ~22 km. The corresponding equatorial deformation radius is ~4700 km (> 40° latitude), which indicates that the semi-diurnal tide has a longer latitudinal extent than that of the diurnal tide. For reference, the same mode dominates the semi-diurnal tide in Earth's middle atmosphere, where its vertical wavelength is on the order of 100 km, so it is virtually evanescent (e.g., Andrew et al., [1987] ).
